MicroRNA-519d (miR-519d) has been reported to play important roles in tumor development and progression in multiple cancers, either as tumor suppressor or tumor promotor. However, the expression level, biological function and molecular mechanisms of miR-519d in oral squamous cell carcinoma (OSCC) remain unclear. Therefore, the aims of this study were to investigate the functional role of miR-519d in OSCC and the possible underlying regulatory mechanism. In this study, we found that miR-519d was significantly downregulated in OSCC tissues and cell lines compared with normal oral mucosae and normal oral epithelial cells. Importantly, downregulation of miR-519d was closely correlated with the lymph node metastasis, advanced tumor stage and poor overall survival of OSCC patients. Furthermore, miR-519d significantly inhibited the migration and invasion of OSCC cells. Using bioinformatics and biological approaches, we showed that miR-519d directly targeted matrix metalloproteinase-3 (MMP3), which might account for the underlying mechanism involved in the miR-519d mediated suppression of OSCC progression. What is more, miR-519d expression was inversely correlated with MMP3 expression in OSCC tissues, and high levels of MMP3 expression in OSCC tissues were also associated with the metastasis and poor prognosis of these patients. In addition, we further identified that miR-519d acted as a regulator of epithelial-mesenchymal transition (EMT) in OSCC cells. Overall, the present study highlighted miR-519d as a tumor suppressor in OSCC by targeting MMP3 and supported biological and clinical links between miR-519d-MMP3 and OSCC, thus indicating the potential therapeutic value of miR-519d for alleviating OSCC metastasis.
Introduction
Head and neck squamous cell carcinoma (HNSCC) ranks sixth among all the cancers diagnosed worldwide, and is listed as the eighth most common cause of cancer-related death. As a common subtype of HNSCC, oral squamous cell carcinoma (OSCC) is a devastating disease with high morbidity and mortality and always seriously impacts the life quality of patients [1, 2] . To be details, the incidence of OSCC in China is about 3-6/100,000 individuals and what is disappointing is the fact that the number extends an increasing trend every year. Furthermore, despite the constant improvement of multiple treatments, such as surgery, chemotherapy, radiotherapy, and anti-EGFR biotherapy, the 5-year survival rate of OSCC patients remained unchanged due to aggressive metastasis and recurrence [3] .
Thus, in order to figure out an effective treatment of OSCC and to enhance the life quality of OSCC patients, a better understanding of the molecular mechanisms involved in OSCC progression is highly needed. In recent years, many novel biomarkers have been explored for efficient clinical Ivyspring International Publisher applications. These include microRNAs (miRNAs) which can be utilized as an effective prognostic and treatment tool for different cancers [4] .
MiRNAs are a class of small, noncoding RNA molecules, with approximately a length of 19-23 nucleotides [5] . Numerous studies have highlighted the importance of miRNAs in the regulation of gene expression and cellular signaling transduction [6] . In most cases, miRNAs regulate gene expression through direct binding to the matched sites of mRNAs, thus leading to rapid degradation of target mRNAs [7] . It has been firmly established that miRNAs modulate many key cellular functions such as cell proliferation, differentiation, apoptosis, angiogenesis, and stress resistance [8] , and are also involved in a variety of biological processes, such as organism growth, immune regulation and tumorigenesis [6, 9] . Moreover, many studies revealed that miRNA expression patterns in tumor tissues enabled more reliable and accurate diagnosis and prognosis to be made in patients [10] . Emerging evidences also illustrated aberrant expression of miRNAs, either overexpression or underexpression, can play critical roles in the occurrence and progression of various cancers. In addition, miRNAs may possess oncogenic or tumor-suppressive properties and the opposite effects of the same miRNA on different tumors may be dependent on the tumor type and the target genes [11] . Previous studies have reported that miR-519d is aberrantly expressed and modulates the cellular biological characteristics in sorts of human cancers. Meantime, many researchers have identified miR-519d as an effective mediator of cancer progression and take efforts to explore the underlying biological mechanisms of the regulatory process. For example, Yong Bai et al. found that miR-519d could inhibit both cell proliferation and invasion via the regulation of eIF4H in lung adenocarcinoma [12] . Also, miR-519d was downregulated in hepatocellular carcinoma and suppressed the growth of tumor cells by targeting MKi67 [13] . In breast cancer, downregulation of miR-519d was found to be associated with cancer metastasis and advanced clinical stage [14] . However, the expression levels and the biological functions of miR-519d in OSCC, as well as its underlying molecular mechanisms, have not been well elucidated till now.
Therefore, the present study aims to identify the expression of miR-519d in OSCC and tries to investigate the functional role of miR-519d in OSCC progression. Moreover, we also intend to identify the potential molecular mechanisms by which miR-519d modulate the cellular functions in OSCC cells.
Materials and Methods

Tissue samples
A total of 60 pairs of OSCC tissues and matched adjacent normal tissues were obtained from the patients who were diagnosed with primary OSCC and underwent initial surgery between October 2010 and September 2012 at the Department of Oral Maxillofacial-Head and Neck Oncology, Ninth People's Hospital, Shanghai Jiao Tong University School of Medicine (Shanghai, China). All of the tissue samples were frozen in liquid nitrogen for further experiments. Overall survival was defined as the time from start of treatment until death. Follow-up ended on December 2017 or at death. In this study, none of these OSCC patients received any preoperative cancer treatment and were histologically diagnosed as OSCC after operation. This study was approved by the Review Board of the Medical Ethics Committee of the Ninth People's Hospital, Shanghai Jiao Tong University School of Medicine. Informed consent and approval were received from all patients. In this study, pathological differentiation and clinical stage were respectively determined according to World Health Organization Classification of Tumors and the TNM classification system of the International Union Against cancer (1988).
Cell culture
The human HN4 and HN30 cells were kindly provided by the University of Maryland Dental School, USA. 293T cells were purchased from the American Type Culture Collection (ATCC, USA). All the cells were cultured in DMEM (GIBCO-BRL, USA) supplemented with 10% fetal bovine serum (GIBCO-BRL, USA) and 1% penicillin and streptomycin at 37°C, 5% CO2 in a humidified atmosphere. In addition, normal oral epithelial cells were obtained from primary culture and were cultured in keratinocyte serum-free medium (KSF; GIBCO-BRL, USA) containing 0.2 ng/mL recombinant epidermal growth factor (rEGF; Invitrogen, USA).
RNA extraction and quantitative real-time PCR
Total RNA from the cells and tissues was extracted using the Trizol reagent (Takara, Japan) and complementary cDNA was synthesized by using a PrimeScript™ RT reagent kit (Takara, Japan). A miRcute Plus miRNA First-Strand cDNA Synthesis Kit (TIANGEN, China) was used to synthesize miRNA cDNA from total RNA. The real-time PCR for miR-519d was performed using a miRcute Plus miRNA qPCR Detection Kit (TIANGEN, China) with ABI StepOne Real-Time PCR System (Applied Biosystems, USA). The PCR condition was as follows: 95°C for 15 min, 40 cycles of 20 s at 94°C and 34 s at 60°C. The miR-519d expression levels were normalized to U6, a small nuclear RNA from the same sample. For mRNA expression, the real-time PCR was performed using a SYBR Premix Ex Taq Reagent Kit at the condition as followed: 95°C for 30 s, 40 cycles of 5 secs at 95°C, 30 s at 60°C. GAPDH was used as internal reference. All the primers were designed and synthetized by Sangon Biotech (Shanghai) and the detailed sequences for the primers were presented in the Table 1 . The relative expression level was calculated by adopting the 2 −ΔΔCt method and all experiments were repeated in triplicate. 
Genes
Primer sequences Human miR-519d-3p forward 5'-CAAAGTGCCTCCCTTTAGAGTG-3' Human U6 snRNA forward 5'-CTCGCTTCGGCAGCACA-3' Human MMP3
forward 5'-AGTCTTCCAATCCTACTGTTGCT-3'
miRNA and siRNA transfection A total of 2 × 10 5 cells cultured in a 6-well plate were transfected with synthetic miR-519d double-stranded mimics, miR-519d inhibitor or siRNA-MMP3 using Lipofectamine 2000 reagent (Invitrogen, USA) according to the manufacturer's instructions. Total RNA and protein were collected for experiments at 48 h and 72 h after transfection. The sequences of miR-519d mimics were as followed: sense: 5'-CAAAGUGCCUCCCUUUAGAGUG-3' and anti-sense:
5'-CACUCUAAAGGGAGGCACUU UG-3'. The sequences of miR-519d inhibitor were sense: 5'-CAAAGUGCCUCCCUUUAGAGUG-3' and anti-sense: 5'-CACTCTAAAGGGAGGCACTTTG-3'. The sequences of specific siRNAs for MMP3 were sense: 5'-AAAGGACAGUGGUCCUGUUGU tt--3' and anti-sense: 5'-ACAACAGGACCACUGUCCUUU tt -3'.
Methylation analysis, bisulphite treatment, methylation-specific PCR and demethylation
CpG islands locate upstream of the chromosome 19 miRNA cluster (C19MC) and in the proximity of the miR-519d precursor were predicted by the UCSC database (http://genome.UCSC.edu). Fortunately, a CpG island locating 17.6 kb upstream of C19MC was reported to be closely associated with the expression of miR-519d in previous study [15] . Therefore, this CPG island was selected for further analysis. Genomic DNA of cells or tissue samples were isolated using TIANamp Genomic DNA Kit (TIANGEN, China) according to the manufacturer's protocol. About 1 µg DNA was subjected to bisulphite conversion by using a MethylCode TM Bisulfite Conversion Kit (Invitrogen, USA) and Methylation-specific PCR (MSP) was carried out to detect the methylation status of the DNA region upstream of C19MC in cell and tissue samples. MSP was performed using specific M primers (forward primer: 5'-TGACGTCGTTACGTT TTGGA-3' and reverse primer: 5'-TAAACCGAAAAA CGCGCG-3', 106 bp) and U primers (forward primer: 5'-TGATGTTGTTATGTTTTGGATTGAG-3' and reverse primer: 5'-AAACACACACCAACACCTC ATAACA-3', 97 bp). The PCR products were then electrophoresed on a 3% agarose gel, stained with GeneGreen Nucleic Acid Dye (TIANGEN, China) and visualized under UV illumination. To further illustrate whether demethylation treatment induces miR-519d expression, HN4 and HN30 cells were treated with or without 10 μM 5-aza-2'-deoxycytidine (5-Aza-dc) for 72 h. Subsequently, these cells were collected, subjected to RNA isolation and used for quantitative analysis of miR-519d expression.
Cell proliferation assay
To evaluate the influence of miR-519d on the proliferation of OSCC cells, tumor cells transiently transfected with miR-519d mimics or miR-519d inhibitor were cultured in 96-well plates at the density of approximately 1000 cells/well in triplicate and analyzed for consecutive 6 days. For daily measurement, the cells were incubated with DMEM medium containing 50 µg/mL MTT (Sigma-Aldrich, USA) at 37 °C for 4 h. Then, the culture medium was removed and 100 µL dimethyl sulfoxide (DMSO) were added into each well. The 490 nm absorbance wavelength was read on a microplate reader to assess the cell viability. All the experiments were repeated for three times.
Wound healing assay
After being transfected, cells in the 6-well plates were cultured to achieve 90%-100% confluency. Then, cells were scraped with a P200 tip and incubated with serum-free medium. Five nonoverlapping pictures were captured at the time point of 0 h and 12 h under an inverted microscope.
Transwell migration and invasion assay
In order to investigate the role of miR-519d in the migration and invasion of OSCC cells, transwell chambers (pore 0.8 μm, Merck Millipore, USA) were coated with or without Matrigel (Corning, USA) on the upper chamber. A total of 40,000 tumor cells transfected with miR-519d mimics, miR-519d inhibitor, or NC controls in 350 μL serum-free DMEM were added into the upper chamber. The bottom chambers were filled with 700 μL DMEM containing 20% FBS as a chemoattractant. After being incubated for 48 h, cells that had migrated or invaded to the lower surface of the membrane were fixed with 4% paraformaldehyde, stained with 0.5% crystal violet and counted in five randomly selected nonoverlapping fields under a light microscope.
Plasmid construction and transfection
The cDNA of MMP3 was amplified by high-fidelity PCR (PrimeSTAR; Takara, Japan) with one set of primers (forward primer: 5'-TGAACCGTCAGATCGAATTCGCCACCATGAA GAGTCTTCCAATCC-3' and reverse primer: 5'-CCTTGTAGTCGAATTCACAATTAAGCCAGCTG TTAC-3') and subcloned into the EcoRI (4662) and EcoRI (6105) sites of H5188 vector (Obio Technology, China). To obtain the luciferase reporters, PCR-derived fragments from the 3' UTR of MMP3 were inserted into the MluI and HindIII sites of H306 pMIR-REPORT Luciferase vector (Obio Technology, China). The primers used for MMP3 3' UTR amplification were as follows: 5'-ATAGGCCGGCA TAGACGCGTAAGAGATATGTAGAAGGCAC-3' (forward primer) and 5'-ATCCTTTATTAAGCTTA AGATAAAATAACTGACAAATC-3' (reverse primer). A PCR-based site-directed mutagenesis was performed to generate the mutant luciferase reporters.
The plasmid transfection was performed with Lipofectamine TM 2000 reagent (Invitrogen, USA) following the manufacturer's protocol. A final concentration of 2 μg/mL of plasmid or control plasmid was used for each transfection. 24 h after transfection, the biological behavior of the cancer cells was detected.
Luciferase reporter assay
To further illustrate whether MMP3 is the direct target of miR-519d, 293T, HN4 and HN30 cells growing in 6-well plates were co-transfected with the 1 μg MMP3 3' UTR wild-type or mutant plasmid, 100 nM miR-519d mimics or miR-519d inhibitor and 100 ng Renilla luciferase vector (pRL-CMV; Genomeditech, China). About 24 h later, luciferase activity was determined using the Dual-Luciferase Reporter System (Promega, USA). Renilla luciferase activity was normalized against Firefly luciferase activity. All the experiments were performed in triplicate.
Western blot analysis
Proteins were extracted from the cells at indicated times using SDS lysis buffer (Beyotime, China). The protein samples (30 μg) were subjected to 4%-20% polyacrylamide gels (Genshare biological, China) to be electrophoresed and transferred to 0.22 μm PVDF membranes (Merck Millipore, USA) at 90 V for 1.5 h. After being blocked by the 5% skim milk for about 1 h, membranes were incubated with the primary antibodies against MMP3 (Proteintech, USA; 1:1,000), E-cadherin (Proteintech, USA; 1:1,000), N-cadherin (Proteintech, USA; 1:1,000), vimentin (Abcam, USA; 1:1,000) and GAPDH (Proteintech, USA; 1:10,000) at 4°C overnight. Thereafter, the membranes were probed by IR Dye-labeled secondary antibodies (LI-COR Bioscience, USA; 1:10,000) and the signals were observed using an Odyssey Infrared Imaging System (LI-COR Bioscience, USA).
Immunofluorescence
HN4 or HN30 were transfected as indicated, and the cells were inoculated into a 24-wel plate with prepared cell sheets. About 48 h later, the cells grown on cover slips were washed with PBS for three times, and then fixed with 4% paraformaldehyde for 30 min. Subsequently, they were permeabilized with 0.1% Triton X-100 for 10 min. After being washed for three times by PBS, cells were incubated with 3% H 2 O 2 for 10 min and blocked with 10% goat serum plus 3% BSA for 30 min. The fixed cells were incubated overnight at 4 ˚C with primary antibodies against MMP3 (Proteintech, USA; 1:100), E-cadherin (Proteintech, USA; 1:100), N-cadherin (Proteintech, USA; 1:100), Vimentin (Abcam, USA; 1:100), and followed by incubation with secondary antibody: Alexa Fluor 488-conjugated goat anti-rabbit IgG, Alexa Fluor 594-conjugated goat anti-rabbit IgG (Invitrogen, USA; 1:200) for 1h at room temperature. The cover slips were stained with DAPI staining dilution (YEASEN, China; 1:500) for 3 min in the dark. The fluorescence images were finally observed and analyzed by a fluorescence microscope (ZEISS, Germany).
Statistical analysis
All numerical data were expressed as mean ± SD from triplicate experiments and statistical analysis was performed using SPSS 21.0 software. Comparisons between two groups were performed by Student's two-tailed t-test, and the significance among three or more groups was analyzed by one-way ANOVA. The associations between gene expression (miR-519d and MMP3) and clinicopathological characteristics of OSCC patients was analyzed with Mann-Whitney U-test and Kruskal-Wallis test. The correlation between miR-519d and MMP3 expression was examined by Pearson correlation analysis. The effect of clinical variables on patient survival was examined using cox proportional hazards regression analysis. Kaplan-Meier survival analysis was performed to compare OSCC patient survival based on dichotomized gene (miR-519d and MMP3) expression by log-rank test. P values less than 0.05 were considered statistically significant.
Results
Downregulation of miR-519d in OSCC indicates malignant transformation
Although miR-519d has been detected to have an effect on some kinds of cancers, its impact on OSCC has not been well elucidated. Thus, the miR-519d expression level was examined in 60 pairs of OSCC samples and adjacent normal tissues. As suggested by Figure 1A , miR-519d expression in the OSCC tissues was significantly decreased compared with that in adjacent normal tissues. Moreover, lower miR-519d expression level was correlated with lymph node metastasis and advanced tumor stage ( Figure 1B, 1C , Table 2 ). Meanwhile, Kaplan-Meier analyses manifested an overall better survival condition of patients with miR-519d levels above median ( Figure  1D , Table 4 ). In addition, the expression level of miR-519d was also detected in normal oral epithelial cells, primary cultured OSCC cells and 5 OSCC cell lines. Consistently, compared with the normal oral epithelial cells, OSCC cells presented a significant lower expression of miR-519d ( Figure 1E ). The above data revealed that miR-519d might play an essential role in the progression of OSCC, especially tumor metastasis.
MiR-519d belongs to C19MC, which displays a very low expression in most human tissues [16] . More importantly, a previous study has demonstrated that the aberrant methylation of the DNA region located upstream of C19MC contributes greatly to the dysregulation of miR-519d in hepatocellular carcinoma [15] . Therefore, we tried to identify if the downregulation of miR-519d in OSCC resulted from the hypermethylation of the DNA region located upstream of C19MC. As shown in Figure 1F , five OSCC cell lines HN4, HN6, HN30, SCC-25 and CAL 27 presented a lower C19MC methylation status compared to normal oral epithelial cells. Moreover, in 19 of 24 (79.2%) cases the hypermethylation was associated with an downregulation of miR-519d in OSCC tissue. In addition, the expression of miR-519d was significantly increased in OSCC cells after 5-Aza-dc treatment ( Figure 1G, 1H ). All the findings above suggested that DNA methylation might function as a major factor in silencing miR-519d in OSCC. Abbreviations: SD, standard deviation; pN, pathological lymph node status; TNM stage, tumor-lymph node-metastasis stage. a Δ Ct indicates the difference in the cycle number at which a sample's fluorescent signal passes a given threshold above baseline (Ct) derived from a specific gene compared with that of β-actin in tumor tissues.
miR-519d has no effect on the proliferation of OSCC cells
Due to the previous findings that miR-519d played a role in the cell growth of the hepatocellular carcinoma cell, ovarian cancer cell, and breast cancer cell, we tried to investigate whether it may affect the proliferation of OSCC cells. HN4 or HN30 cells were transfected with miR-519d or miR-NC, miR-519d inhibitor or NC inhibitor, and qPCR was then adopted to evaluate the transfection efficiency. As showed in Figure 2A , transfection of miR-519d mimics resulted in more than one hundred overexpression of miR-519d in HN4 and HN30 cells. On the contrary, miR-519d inhibitor led to more than a half decrease of miR-519d level in OSCC cells ( Figure 2C ). Thereafter, MTT experiment was conducted to evaluate its functions on cell proliferation. According to the proliferation curves by Figure 2B , 2D, the growth rates of HN4 and HN30 cells were not obviously changed after the overexpression or silencing of miR-519d. Hence, we came to the conclusion that miR-519d had no evident influences on the proliferation of OSCC cells.
miR-519d attenuates the migration and invasion of OSCC cells in vitro
As miR-519d expression in OSCC tissues was closely associated with lymph node metastasis of the patients, we tried to explore the potential role of miR-519d in the migration and invasion of OSCC cells. Transwell migration assay and wound healing assay were adopted to assess the migratory ability of OSCC cells. As presented in Figure 2E , overexpression of miR-519d remarkably inhibited the migratory capacity of both HN4 and HN30 cells. On the contrary, OSCC cells with miR-519d knockdown migrated more quickly compared to the control cells ( Figure 2F ). Furthermore, a transwell invasion assay was performed to explore the effect of miR-519d on the invasion activity of OSCC cells. As a result, compared to the control cells, HN4 or HN30 cells transfected with miR-519d displayed a less aggressive metastatic pattern, with weaker invasive abilities ( Figure 2G ). The opposite situation was observed when HN4 or HN30 cells transfected with miR-519d inhibitor ( Figure 2H ). In summary, the above results demonstrated that miR-519d play a suppressive role in the migration and invasion of OSCC cells. 
miR-519d affects the migration and invasion of OSCC cells by directly targeting MMP3
MiRNA-mediated gene expression silencing has previously been shown to be important in many physiological and pathological processes. To identify the potential target gene of miR-519d in OSCC, we applied 11 independent miRNA target prediction databases (Diana, MicroInspector, Miranda, MirTarget2, miTarget, NBmiRTar, PicTar, PITA, RNA22, RNAhybrid and TargetScan). Genes appeared in at least 4 out of the 11 databases were screened out. In order to narrow the candidate targets scope, we then made use of a OSCC gene chip data from GEO DataSets (GSE30784) and genes with upregulation of more than two fold were selected. An intersection of the predicted genes and the upregulated genes was assessed, and 13 candidate target genes were finally screened out ( Figure 3A) . Then, a real-time PCR analysis was performed to detect the expression changes of these potential target genes in HN4 and HN30 cells transfected with miR-519d mimics or miR-519d inhibitor. As presented in Figure 3B , MMP3 mRNA expression was significantly decreased in OSCC cells transfected with miR-519d mimics while other candidate targets displayed no evident changes. On the contrary, silencing of miR-519d in OSCC cells led to approximately two-fold increase of MMP3 mRNA levels ( Figure 3C ). Furthermore, western blot analysis revealed that overexpression or knockdown of miR-519d in HN4 and HN30 cells resulted in a significant lower or higher level of MMP3 correspondingly ( Figure 3D ). In addition, to further demonstrate that MMP3 acted as the direct target of miR-519d, a luciferase reporter assay was conducted. As illustrated by Figure 3F , overexpression of miR-519d in 293T cells expressing the wild type MMP3 3' UTR reporters resulted in approximately half reduction in luciferase activities, whereas mutations in the miR-519d-binding seed region of the MMP3 3' UTR abrogated the repressive effect of miR-519d. Conversely, reduction of miR-519d levels by miR-519d inhibitor in 293T cells expressing the wild type MMP3 3' UTR reporters presented much more luciferase activities. Simultaneously, similar results were obtained when the luciferase reporter assay was performed in HN4 and HN30 cells ( Figure  3G, 3H) . Therefore, we drew the conclusion that MMP3 was the direct target of miR-519d in OSCC cells and it might account for the biological effect of miR-519d on OSCC progression.
Dysregulation of MMP3 influenced the biological effects of miR-519d in OSCC
To further elucidate the function of miR-519d-induced inhibition of cell migration and invasion through MMP3 repression, HN4 and HN30 cells were transfected with miR-NC, miR-519d or miR-519d plus MMP3-expressing plasmid (without 3' UTR). As shown in Figure 4A , MMP3 was significantly downregulated upon miR-519d transfection but was rescued after transfection of MMP3-expressing plasmid both in mRNA and protein levels. In parallel, transfection of specific siRNA for MMP3 reversed the miR-519d inhibitor-mediated increase of MMP3 expression in OSCC cells ( Figure 4B) . Functionally, the miR-519d-induced inhibition of cell motility was abolished by MMP3 transfection, as revealed by both wound healing assay ( Figure 4C ) and transwell assay ( Figure 4E, Figure S2C ). Meanwhile, siRNA targeting MMP3 rescued the tumor promoting effect of miR-519d inhibitor on OSCC cells ( Figure 4D , 4F, Figure S2D ). These results demonstrated that MMP3 participated in the miR-519d-mediated suppression of migration and invasion in OSCC cells. 
miR-519d is an important epithelial-mesenchymal transition (EMT) regulator in OSCC
As MMP3 was closely associated with cell migration and invasion [17] and was reported to be involved in EMT process [18, 19] , we therefore detected if EMT associated markers (E-cadherin, N-cadherin and Vimentin) underwent changes after miR-519d dysregulation. The result of western blotting showed that OSCC cells with miR-519d overexpression expressed less N-cadherin and Vimentin, and more E-cadherin, while cotransfection of miR-519d and MMP3 reversed the expression patterns ( Figure 5A ). Moreover, OSCC cells transfected with miR-519d inhibitor resulted in the increased expression of N-cadherin and Vimentin, and decreased expression level of E-cadherin, whereas siRNA of MMP3 abolished this effect ( Figure  5B ). We further adopted the fluorescence assay to investigate the role of miR-519d in EMT process. As expected, similar results were obtained as described above ( Figure 5C, 5D ). These data suggested that miR-519d acted as an EMT regulator in OSCC progression and this process may be accomplished through targeting MMP3.
Inverse correlation between the expression of miR-519d and MMP3 in OSCC
Since miR-519d was downregulated in OSCC, we determined to investigate the expression level of MMP3 in OSCC. The mRNA expression levels of MMP3 were measured in 60 pairs of OSCC tissues and adjacent normal tissues, and we found that MMP3 was upregulated in OSCC tissues ( Figure 6A ). Moreover, upregulation of MMP3 level in OSCC was positively associated with lymph node metastasis and advanced tumor stage (Figure 6B, 6C ; Table 3 ). Importantly, the Kaplan-Meier survival curves show that patients with high expression levels of MMP3 had poorer overall survival than patients with low MMP3 expression ( Figure 6D ). Simultaneously, a significant inverse correlation was observed between miR-519d and MMP3 mRNA expression (R = −0.372, P = 0.0034; Figure 6E ). In addition, OSCC patients with low miR-519d expression and high MMP3 expression always tended to have a more disappointing overall survival ( Figure 6F) , and the COX regression model revealed that miR-519d might serve as an independent factor for prognostic assessment (Table 4 ). These results indicated that the loss of miR-519d or overexpression of MMP3 might contribute to the metastatic potential and the poor prognosis of OSCC.
Discussion
It is widely recognized that miRNAs play an important role in a variety of biological characteristics of cancers, including cell proliferation, apoptosis, migration and invasion. Accumulating studies have revealed that some kinds of miRNAs are closely associated with the initiation and progression of OSCC. For example, miRNA-21, which was upregulated in OSCC, could stimulate cell growth and indicate poor prognosis [20, 21] . Also, by establishing transgenic mice, it was found that miR-211 enhanced the oncogenicity of carcinogen-induced oral carcinoma in vivo [22] . On the contrary, certain kinds of miRNAs played a tumor suppressor role in OSCC and the underlying regulatory mechanisms involved differed. To be details, miR-9 could inhibit the proliferation of OSCC by suppressing CXCR4 via the Wnt/β-catenin signaling pathway [23] . miR-145 inhibited tumor-initiating cells and IL-6-mediated paracrine effects in OSCC by targeting the SOX9/ADAM17 axis [24] . What is more, some sorts of miRNAs even play crucial roles in chemoresistance and radioresistance in OSCC, thus providing a feasible and valid method for improving the therapeutic effect of patients [25] [26] [27] . Apart from functioning as a tumor promotor or suppressor in OSCC, some kinds of miRNAs in saliva [28, 29] , plasma [30] and tissues [31] can also be exploited as efficient biomarkers for OSCC diagnosis, certain miRNAs even act as guidance for the transformation of oral leukoplakia to OSCC [32, 33] . Hence, it is worth investigating the potential regulatory mechanism of miRNAs in OSCC so as to discover promising strategies for treatment. miR-519d has been identified as an important tumor related gene. Previous studies have reported the roles of miR-519d played in numerous cancers, including hepatocellular carcinoma [13] , ovarian cancer [34] , lung adenocarcinoma [12] , gastric cancer [35] and so on. However, the regulatory roles of miR-519d in diverse tumor types presented different patterns, even to the contrary sometimes. To be details, miR-519d could serve as tumor suppressor in a great number of cancers, through inhibiting the proliferation [12-14, 34, 36-39] , migration and invasion [12, 37, 38] , and even EMT process [35] . Nevertheless, regarding some kinds of cancers, miR-519d played a carcinogenic role, facilitating the progression and metastasis of cervical cancer [40] , contributing to the tumorigenesis of colorectal cancer [41] , and promoting melanoma progression [42] . From our point of view, the opposite role of miR-519d in tumor progression might be due to the different genetic background and tumor origin and the biological function of miR-519d on tumor cells also may depend on the specific cellular context. It is also likely that miR-519d regulates distinct targets in different cancers, or that the function of miR-519d may be influenced by tumor microenvironment. Although the effect of miR-519d on tumor development is divergent, there is no denying that miR-519d plays an effective role in regulating the biological behaviors of tumor. In this study, we found that miR-519d was significantly downregulated in OSCC and was correlated with lymph node metastasis, advanced tumor stage and poor overall survival. Moreover, our gain-and loss-of-function experiments demonstrated that miR-519d inhibits the migration and invasion in OSCC.
In this study, we found that the miR-519d expression was significantly decreased in OSCC and one issue worth considering was how miR-519d was downregulated. Previous studies concluded that the possible causes of miRNA dysregulation include DNA copy number aberrations, mutations, epigenetic aberrations, dysregulation of transcription factors targeting miRNAs and alterations in the miRNA biogenesis pathway [43] . Several studies also illustrated that miRNAs, including miR-519d, could be regulated by lncRNAs in a variety of cancers [44, 45] . Furthermore, gain and loss of function of several canonical oncogenic and tumor suppressor pathways in cancer cells, such as myc, p53, NF-κB and Hippo signaling, contributes to miRNA dysregulation as well [46, 47] . Some studies also illustrated that cytokines and growth factors, such as TGF-β1 and connective tissue growth factor, could modulate miRNA expression [48, 49] . In addition, a great number of studies have identified that aberrant DNA methylation of miRNA genes could serve as an essential mechanism of miRNA dysregulation in cancers [50] . Epigenetic gene silencing due to promoter hypermethylation is one of the most common mechanisms by which tumor suppressor genes are inactivated during tumorigenesis, including miRNAs as well [50] . Considering the fact that abnormal methylation of the DNA region located upstream of C19MC is associated with the expression of miR-519, we have tried to identify the relationship between the methylation status of C19MC promoter and miR-519d expression in OSCC. Fortunately, we found that hypermethylation of the DNA region located upstream of C19MC was associated with the downregulation of miR-519d in OSCC. However, there still exist other factors which could modulate the expression of miR-519d in OSCC and more efforts should be taken to explain this problem in the future.
In addition, apart from illustrating the fundamental biological roles of miR-519d in OSCC, we also demonstrated MMP3 was the downstream target of miR-519d. MMP3, a member of the family of MMPs, has been reported to enhance the migratory and invasive abilities of tumor cells. The role of MMPs in cancers has been well elucidated; they can remarkably promote the malignancy of tumor cells by degrading the extracellular matrix (ECM), facilitating angiogenesis, tumor invasion, and metastasis [51] . Meanwhile, previous studies described that dysregulation of MMP3 could be an important factor for mammary tumor cell progression to an invasive phenotype [52] . Therefore, our explorations that MMP3 acted as a tumor promoter were in accordance with the previous findings. Furthermore, it was reported that MMP3 was closely associated with EMT characteristics, the acquisition of which facilitated tumor invasion and metastasis [19, 53] . In addition, previous studies have illustrated that treatment of mouse mammary epithelial cells with MMP3 resulted in the induction of EMT, accompanied with a decrease of E-cadherin, increased motility and invasiveness [52, 53] . Thus, we attempted to discover whether miR-519d could influence the EMT by degrading MMP3. Fortunately, we found that OSCC cells transfected with miR-519d underwent a less activity of EMT, while MMP3 plasmid transfection recovered this process, as suggested by the expression of EMT markers E-cadherin, N-cadherin and Vimentin. However, the specific mechanisms by which MMP3 or miR-519d induced EMT activity was not well elucidated. A published research has indicated that the induction of Snail by MMP3 could result in the downregulation of E-cadherin and the overexpression of Vimentin in various cancers, which suggested the functional role of MMP3 in the induction of EMT [54] . Another study stated that MMP3-induced EMT conversion is accompanied by E-cadherin cleavage and a redistribution of B-catenin, where it can form a transcriptional complex and induces the transcription of some genes involved in EMT process [55, 56] . However, whether the cleavage of E-cadherin by MMP3 was accomplished directly or indirectly remains unknown. Furthermore, a review concentrated on the regulation of EMT transitions by microRNAs concluded that microRNAs can efficiently mediate EMT by targeting multiple targets involved in transcription process or signaling pathways. Furthermore, the differences of targeted EMT genes by microRNAs may be attributed to diverse cell context and microRNAs may also function differently at various stages during physiological or pathological events [57] . In this study, we found that miR-519d might modulate the EMT process in OSCC by targeting MMP3, but it did not exclude the existence of other mechanisms. Thus, further investigation of the precise underlying mechanisms is needed in the future study.
In conclusion, our study highlights the role of miR-519d in suppressing the migration and invasion of OSCC cells by targeting MMP3. Moreover, miR-519d may also act as a regulator of EMT in OSCC. Generally, OSCC patients with low miR-519d expression and high MMP3 expression tended to have the worst clinical outcome. Collectively, our results provide insights into the therapeutic value of miR-519d in reducing OSCC metastasis and suggest that miR-519d and MMP3 could serve as effective predictors for metastasis and prognosis in OSCC.
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